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positional tolerance of 0.0005 inch, the limit of mo-
tional error is 0.066°. From Fig. 7, the errors associated
with the waveguide tolerances are 0.00068° per degree
for WR-90 and 0.00032 for WR-112. For 60°, there is a
limit of waveguide dimensional error of 0.06°. From
Fig. 9, for a 0.1° short circuit misalignment the total
phase error is 0.0014° per degree for WR-90 and 0.0012°
per degree for WR-119. For 60°, this is a limit of error
of 0.156°. The total limit of error from all these sources is
then 0.335°. If a single phase shifter was built to these
specifications in WR-90, the total error would be 0.437°,

If, however, for the same system specifications the
measured angle was 90°, the total error for the differen-
tial system would be 0.585° as compared to 0.464° for
the single system. In this example, the reduction of posi-
tional error is more than offset by an increase in tuning
error.
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CONCLUSIONS

Although the instrument described in this paper pro-
vides for a smaller short circuit positional error as com-
pared with that for a single phase shifter, the combined
tuning and waveguide dimensional errors are increased.
For certain measured angles, the over-all increase of
error will more than offset the positional error reduction
achieved through the use of a differential system.

This instrument should be particularly useful where
small changes of phase angle are involved because all
the errors, other than the short circuit positional error,
are proportional to the measured angle.
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Maximum Bandwidth Performance of a Non-
degenerate Parametric Amplifier with
Single-Tuned Idler Circuit

J. T. DEJAGER, MEMBER, IEEE

Summary—The single-tuned bandwidth and limiting flat band-
width of a nondegenerate reflection-type diode parametric amplifier
is calculated. The amplifier has a broad-banding filter structure in the
signal circuit and a single-tuned idler circuit. An experimental low-
noise, wide-band L-band amplifier is described, and measurement
results are presented. The amplifier has a triple-tuned signal circuit
and a single-tuned idler circuit and is pumped at 11.3 Gec. A nearly
flat bandwidth of 23 per cent at 7 db gain and an effective input noise
temperature of 70°K at room temperature ambient and of 29°K at
liquid nitrogen (77°K) ambient has been obtained.

I. INTRODUCTION
SEVERAL AUTHORS have discussed the design

and gain-bandwidth limitation of a nondegenerate
diode parametric amplifier of the reflection type
employing broad-banding filters in signal and idler cir-

Manuscript received March 16, 1964; revised April 20, 1964.
This paper was submitted posthumously. Correspondence concern-
ing it should be addressed to R. S. Engelbrecht, Bell Telephone
Laboratories, Inc,, Murray Hill, N. J.

cuit.’® It has not been established, however, whether
it is necessary to have broad band-pass filters in both
circuits. In this paper the gain-bandwidth limitation of
a similar amplifier employing a band-pass filter in the
signal circuit only (and a single-tuned filter in the idler
circuit) is investigated theoretically and experimentally,
for the following two reasons. 1) For low microwave fre-
quency operation, the idler frequency can be made so
much higher than the signal frequency that the absolute
bandwidth of the idler circuit is much broader than that

I R. Aron, “Gain bandwidth relations in negative resistance am-
plifiers,” Proc. IRE (Correspondence), vol. 49, pp. 355-356; Janu-
ary, 1961.

2 E. S. Kuh and M. Fukada, “Optimum synthesis of wide-band
parametric amplifiers and converters,” IRE Traxs. oN CIRCUIT
TrEORY, vol. CT-9, pp. 410-415; December, 1961.

3 B. T. Henoch, “A new method for designing wide-band paramet-
ric amplifiers,” IRE Trans. oN MicrowaAvE THEORY aND TECH-
NIQUES, vol. MTT-11, pp. 62-72; January, 1963.
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of the signal circuit. Hence the limiting bandwidth of
the amplifier may not be significantly different from
that of the amplifier with an optimally compensated
idler circuit. The single-tuned idler circuit simplifies the
amplifier construction. 2) The diode resistance can be
used advantageously as the only idler load, and this
minimizes the effective input noise temperature of the
amplifier at a fixed idler frequency.

The gain-bandwidth limitation of an amplifier with
single-tuned idler circuit has been obtained from that
of a cavity-maser.* The optimum idler load resistance
for maximum limiting flat bandwidth is derived. For
comparison, the bandwidth obtained with single tuning
in both the signal and idler circuit is also calculated.

As has been pointed out by Matthaei,® it is difficult
to resonate the diode independently at the signal and
idler frequency. An investigation shows that in addition
to inductances at least one external capacitance is re-
quired as a tuning element. The bandwidth limitation
due to this capacitance is calculated. Taking into ac-
count the internal diode lead inductance, it is shown
that in general the optimum location of this capacitance
is parallel to the diode, which also leads to a simple con-
struction of the amplifier.

The exact calculation of the bandwidth of a para-
metric amplifier is complicated, and usually some ap-
proximations are necessary. For the calculation of the
bandwidth limitation it has been assumed in this paper
that the diode is lossless at the signal frequency. This
assumption will seldom lead to large errors in practice,
as will be shown. No “high gain” approximation has
been made, since an amplifier may be operated at fairly
low gain in order to increase the bandwidth.

Finally, an experimental triple-tuned L-band ampli-
fier is described and some measurement results are pre-
sented.

1I. InPUT IMPEDANCE OF SINGLE-TUNED AMPLIFIER

Assume a variable capacitance having a time varia-
tion

C) = Co/(1 + v cos wyt) (1

where C, is the mean value of the capacitance, v a
capacitance modulation factor, and w, the angular
pump frequency. Let C(¢) be connected to an impedance
of value Z, at an angular idler frequency ws, and open
circuited at other frequencies. At a signal frequency
w1 =w, —w; the impedance of C(¢) is then

1 v?
B ijCO 4(.01(,02C0272*

]

2

4R. L. Kyhl, R. A. McFarlane, and M. W, P. Strandberg, “Nega-
tive L and C in solid-state masers,” Proc. IRE, vol. 50, pp. 1608—
1623; July, 1962,

5 G. L. Matthaei, “A study of the optimum design of wide-
band parametric amplifiers and up-convertors,” IRE Trans. oN
MICROWAVE THEORY AND TECHNIQUES, vol. MTT-9, pp. 23-38;
January, 1961.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

July

where the asterisk denotes the complex conjugate.b

In order to utilize the negative real part of Z, effec-
tively for amplification, C, must be simultaneously
resonated at w; and w.. Assume that series tuning is used
as indicated in Fig. 1, in which F; and F; are ideal filters
such that Fi is a short circuit at w; and an open circuit
at other frequencies, F; is a short circuit at w; and an
open circuit at other frequencies, and R is an idler
load resistance. Let the reactance X of a tuning element
T, common to signal and idler circuit, be such that

w1CoX(w1) = 1, wZCOX(O.)z) =1, (3)
To a first order 7" can be generally represented as a func-
tion of frequency in the vicinity of w; by a series connec-
tion of an L’ and (’, in the vicinity of w; by L and C".
We now define so-called slope factors d; and d; which,
near w; and we, represent the ratio of the reactance
slope of Cq plus T to the reactance slope of C, alone,

hog G 1t 2C<dX> w
T T T 2 e ),
J _1+C0 1+1 ' <dX )
P Ty T dw>w=w2'

The input impedance Z4 of the so-called single-tuned
amplifier circuit at a frequency w=w;+Aw (for small
Aw), using (2) with Zy=Rp+jX(w)+1/jw.Co, and
neglecting the variation of the product of the instan-
taneous signal and idler frequencies, is approximately

5 _ 2ddo 2

A - - (6
w12Cg 4w1w2C02(RL "I“ ZjdgAw/w22C0) ( )

The errors of (6), and the errors of the following band-
width calculations based upon (6), depend on the ratio
wo/wr and the tuning element 7. For the example of
Section VIII, the representation (6) is quite accurate in
a 20 per cent frequency band.

L

e
1

NI
>

Fig. 1—Single-tuned parametric amplifier circuit. F=short circuit
at w1, open at other frequency, Fy=short circuit at w,, open at
other frequency.

c
‘
1€ J_
Z,
A, —CZT -L, -Rg

Fig. 2—~Equivalent circuit of single-tuned paramet-
ric amplifier near resonance.

SB. J. Robinson, “Theory of variable-capacitance parametric
amplifiers,” Proc. IEE, Monograph 480E; November, 1961.
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Alternatively, Z4 can be written

(M

which suggests an equivalent circuit consisting of a posi-
tive and negative resonant circuit as shown in Fig. 2,
where

Wi = - 8
VLG LG ®)
e
= — 9
8 4(.01(.02C02RL ( )
1 4
Ql = wlc1RA had ; w2d1CgRL (10)
03 = iRy = 2 (11)
2 = wily A—w2 oCoR,
We define
-— Y (212 (w1>3
= e — | — 12
q \/QZ/QI 2w1CoRL /‘/d1 wa ( )
- 2 w1
Ou = V01Qs = — /‘/dﬂiz — (13)
Y w3

I111. GAIN-BANDWIDTH RELATIONS

Assume that the single-tuned amplifier is connected
via a lossless coupling network N to an ideal circulator.
The equivalent circuit is given in Fig. 3.

Consider first the {requency response of the single-
tuned amplifier. If IV consists of an ideal transformer, the
absolute value of the voltage gain is given by

w2y — Za

—_— 14
nZy+ Z4 | (1)

glw) =

in which #2Z, is the transformed impedance of the cir-
culator, and Z,4 is given by (7). The 3-db bandwidth B
is calculated from the following equation:

M 4 M 2 1 1 2
G+ C pe ()l
wi wi g g—1
4g?
(g— Dxg*—2)

where g is the voltage gain at resonance. Assuming Qar
is constant, the bandwidth is a maximum for

=0 (15)

o (16)
q—gom_,‘ g1
This maximum exists because for large ¢ the bandwidth

is limited by the idler circuit (Q) and for small ¢ by the
signal circuit (Q:). For large gain, (15) reduces to
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OUTPUT ¢, L
_{w J_ 1
LOSSLESS -
CIRGULATOR (COUPLING ~C2 -Lz;§ ~Ra
-
INPUT
Fig, 3—Circuit used for bandwidth calculation.
BQu 2 (17
§ = T
w1 V24 g+ 1/¢?

which has a maximum value of 1 for g=1.

The bandwidth of the amplifier can be increased if N
contains a band-pass filter consisting of resonators con-
nected alternately in series and in parallel as shown in
Fig. 9. However with an infinite number of resonators
the maximum bandwidth remains finite. From a con-
tour integration of g(w) in the complex frequency plane
follows

1 0
—-—f In gw)dew
TW1Y o
-t +E—-D1
Q- i
1 ]
f (w — wi)?1n glw) dw (18)
w1t g
11 11 RS 19
1208 4 02 12 12"

where %k and /; are respectively a pole and zeros of g(w)
in the right half of the complex frequency plane.* Obvi-
ously the maximum flat bandwidth, which is usually of
interest in practice, is obtained if the voltage gain g(w)
is constant equal to g in a frequency band B and unity
outside B, in which case the integrals can be evaluated
directly. Elimination of & from (18) and (19), where we
let I;=0 to maximize B,* gives

L (oY (7Y (0 oy
3 wi T In? g w1 T
B I
+ < Qu ﬁ) —g=0. (20)

wi w

As in the previous case an optimum value of ¢ for maxi-
mum limiting flat bandwidth at constant Q5 is obtained
from (20) as follows:

_ 4/1 + 2v/ (1 + #%/in%g)/3 .
dont (1 ¥ =/In? g)/3

The corresponding maximum limiting flat bandwidth is
given by

)
Ing
w1 max

21

iy

IV W ey oy

(22)
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Fig. 5—Limiting flat bandwidth as function of gain.

As the gain becomes very high, the solution of (20) ap-
proaches

BQw w(V1 + 3¢ — 1)
Ing =

w1 q

(23)

which has a maximum value of 2.15 for ¢=2.54.

In Figs. 4, 5 and 6 the single-tuned and limiting flat
bandwidth according to (15) and (20) are plotted as a
function of gain with g as a parameter.

With the aid of Figs. 4, 5 and 6 the single-tuned and
limiting flat relative bandwidth of the amplifier can be
determined as function of the parameters ws/wi, Rz and
g and the usually fixed parameters v, Co, d1 and ds. The
maximum bandwidth at arbitrary R is inversely pro-
portional to Qa, which requires that the capacitance
modulation factor v, the idler to signal frequency ratio
we/w; and the inverse of the product of the slope factors
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Fig. 6—Maximum bandwidth at constant Qs
and optimum g, as function of gain.

d, and d, are as large as possible, and that Ry is equal to

1 Y d2<w1>3
Gopt 2w1Cy d1 \ wo
where ¢opt is given in Fig. 6.

In a similar way the limiting flat bandwidth of an
amplifier having band-pass filters both in signal and
idler circuit and tuned to the signal and idler fre-
quencies, respectively, can be derived. For a lossless
variable capacitance, at moderately high gain it is
given by

(Rp)ops = (24)

BQar

w1

T
In 2g = 5 (25)

with di=d;=1.! Comparison of (25) and (22), assuming
in the latter case according to (28) did.=4, shows that
the maximum limiting flat bandwidth of an amplifier
with filters only in the signal circuit is about 75 per cent
of that of an amplifier with filters in both signal and
idler circuit. In practice, this relatively small difference
usually does not justify the complexity of using broad-
banding filters in the idler circit.

Although a flat bandwidth cannot be obtained with a
finite filter network N, (20) shows what can approxi-
mately be accomplished with broad-band operation. No
exact information is available for the maximum obtain-
able bandwidth for finite N, and the design of &V, Some
calculations for N containing a single resonator filter
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have been made.*” The previous results suggest that
the optimum value of ¢ for finite IV is an average be-
tween the optimum values of ¢ for maximum single-
tuned bandwidth and maximum limiting flat band-
width.

1V. Circuir LIMITATIONS

According to Section I1I the maximum bandwidth at
arbitrary Ry, is inversely proportional to ~/dids, which
requires that d, and d; be as small as possible. From (3),
(4) and (5) it follows that if w; =w; the minimum value of
di and dy is 1, and is obtained if T is an inductance
(degenerate amplifier).

Assuming w, <ws, then according to (3) the reactance
X of T has to satisfy X(w1) >0, X(ws) >0, and X(wi)
> X {wy). This requires that the 7 consists of at least
three elements, C,, Ly, and (L¢+L;) as indicated in Fig.
7. We assume that L,, representing the usual parasitic
“lead” inductance of the variable capacitance, is fixed
and that ey <wp where wp=1/4/LyCy is the angular self-
resonance frequency of the variable capacitance.

With X=w(Li+Ly)+wl,/(1—-w?L,(C,) it follows
from (3), (4) and (5) that

Co ws® L
e )
Cp wD2 Lo
w12 Ls
{1 — ~<1 + 4)} (26)
wp? Ly
w12 Ls
1 b “(1 + f)
di—1= = “r - @1
dz -1 w22 s
——<1 + —> —1
wp? Lo
from which we obtain
dids > 4. (28)

For minimum dids at w?<2wp?—w? it follows from
(27) that (L,/Lo)ops=2wp?/(wi>+ws?) —1; for minimum
dids at w>2wp?—w?, we obtain (L,)opt=0. Substitu-
tion of (27) in (13) at optimum L,/L, gives (with
L,>0)

4 Jor
QM = ﬁ/‘ - w22 < 260[)2 - w12 (29)
Y w2
Q 2 ;1 w22 -— w12
M= T - e e ————————————smetl |
vV wr V(w? — wp?)(wp? — wrf)

we? > 2wp® — w1t (30)
It follows that due to wp, Qa has a minimum value as
function of ws.

7 J. Kliphuis, “C-band nondegenerate parametric amplifier with
500-Mc bandwidth,” Proc. IRE (Correspondence), vol. 49, p. 961;
May, 1961.
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In order to simplify the discussion we assume in the
following

2 2

w1 w1

wp we

(31)
The resulting approximate values of Qur, d; and d; at
optimum L, are plotted in Fig. 8. Following from (30)

QO is a minimum at approximately w,= +/3wp, in which
case C,=3Cy, d1=1.5 and dz=3, and Qyu is equal to

2 4 /27
(QM)min = 7 /‘Z

The corresponding optimum idler load resistance is

w1
— (32)

wp

v/

For maximum bandwidth at arbitrary R the self-
resonant frequency of the variable capacitance should
thus be as large as possible, and the idler frequency of
the amplifier should be approximately equal to +/3wp.
According to Fig. 8 the optimum idler frequency is,
however, not critical, and nearly optimum bandwidth is
obtained for 1.25wp <ws <2.5wp.

Although it has not been shown that the limitation
didy >4 is valid for any nondegenerate amplifier, no
single-diode configuration has yet been shown to yield
a smaller value of did.,. However, it has been shown that
the limitation dids>4 is not valid in case of a balanced

Y 4_4-
27

(RL)opt = (33)

Fopt 2(»OIC'O

Ce

&

Le

T T

14 \/ﬁ)n
2 MV 0,

| \}l /]
l

0 05 1 1S 2 25

Wy /Wy

Fig. 8—Optimum Qu, di and d; as func-
tion of ws/wp (approximately).
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parametric amplifier employing two diodes since the
tuning capacitance C, is not necessary in this configura-
tion.” This means that the limiting bandwidth of a
balanced parametric amplifier is theoretically twice as
large as that of an unbalanced amplifier.

V. INFLUENCE OF DiIoDE LoOSsES

At microwave frequencies C(f) usually consists of a
reversed-bias semiconductor diode. The main loss ele-
ment of a diode is a resistance R, in series with C(¢). A
convenient figure of merit is the dynamic quality factor®

Y

—_ . 34
2w1CoR, (34

01 =
In the amplifier R, appears as a series resistance in both
the signal and idler circuit. In the idler circuit, R, forms
part of the idler load resistance Ry, which can be written

RL = RL, + Rs (35)

where R’ is an idler load resistance external to the di-
ode. The parameter ¢ then reduces to

S/

T 1 r/Rs YV G\

In the signal circuit R, causes a reduction of the limiting
bandwidth as compared to the limiting bandwidth of a
corresponding lossless diode at the same R;. From (7),

the degree of this reduction (if g=1) is mainly deter-
mined by the ratio R4/R,. Assuming

Ry w1 o

=— 1
Rs (6D 1+RL//R3

(36)

(37)

and using (36), the previous results are approximately
valid in the case of a lossy diode. For a high-quality
diode (37) is usually true, since (37) according to (42)
is also necessary for obtaining a low-noise temperature
of the amplifier.

Assuming in the following that (37) is true, with maxi-
mum bandwidth at a given w,/wi, we obtain

0 da f w1\?
(U R /R = 4/ - (’J) (38)
opt 1 2
or, if Ry =0,
~ d1 [ w2\? .
(Q1)opt = Gopt ;(Z) . (39)
2 1

At optimum R/, assuming ;> (O1)opt, the condition
(37) reduces to

3 di [ wa\?2
S qopt2;<_2> 1

(O1)ont dy \wi (40)

8 K. Kurokawa, “On the use of passive circuit measurements for
the adjustment of variable capacitance amplifiers,” Bell Sys. Tech.
J., vol. 41, pp. 361-381; January, 1962,
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where (Q1)ops is given by (39). It follows that if (ws/w;)?
is large, and if the external idler load resistance is
adjusted for maximum bandwidth, the bandwidth is
little affected by the diode loss resistance, and can be
improved little for (1> (O1)ops (unless in the case
w>>wp the ratio dy/d; is appreciable). If (wy/w;)? is large
it is thus generally advantageous to choose O;= (J1)opt
and to use no external idler load resistance, which sim-
plifies the amplifier construction.

According to Section IV maximum bandwidth is ob-
tained if ws=2+/3wp, and according to (33), (34) and
(35), if Qi is equal to

(Qi>opt = Gopt 47? /‘/@

assuming R;’=0. If the available quality factor of the
diode is less than (41), maximum bandwidth is gener-
ally reached at a lower idler frequency and is limited

by Q~1.

(41)

VI. Noise TEMPERATURE

Due to thermal noise of R, and R; the effective input
noise temperature 74 of the amplifier in a high gain
approximation is

_ {2 + 1+ wi/we
C7 Vs | (wi/en0i/( + RLYR) — 1

} Tp (42)

where T'p is the temperature of R, and R;'.® In general,
for minimum noise temperature somewhat different
values of ws/w;, 01, and R; are optimum than for maxi-
mum bandwidth. A compromise is therefore necessary.
As shown by an example in Section VIII, good band-
width and noise performance can simultaneously be ob-
tained in practice.

VII. AMPLIFIER CONFIGURATIONS

A practical broad-band amplifier circuit for the case
(we/w1)?>>1, is given in Fig. 9(a). The circuit is based on
that of Fig. 1, with the diode D resonated at w; and w; by
Ly, Cp,and L, as described in Section IV. The filter F of
Fig. 1 is replaced by a short circuit, so that the idler
load resistance is provided entirely by the diode series
resistance. For broad-band operation, the circuit is pre-
ceded by a network N consisting of several resonators
connected alternately in series and in parallel. The out-
put capacitance of N {ulfills essentially the role of filter
Fy in Fig. 1.

An alternative circuit, having very nearly the same
properties but a slightly unsymmetric frequency char-
acteristic, is given in Fig. 9(b). Since the idler circuit is
better decoupled from the signal circuit, this circuit is
more suitable in practice. Complete decoupling can be
obtained if L, is paralleled by a small capacitance C/,
so that L, and C,’ are resonant at ws. For wy>+2wp
approximately (Ls)ops =0, so that C, reduces to a parallel
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Fig. 9—Two practical amplifier circuits. Pump
sources have been omitted.

capacity to the diode, which can be easily obtained in
practice (Section VIII), Usually C, is already partly
present in the form of a parasitic “case” capacitance of
the diode.

At microwave frequencies the use of reactances con-
sisting of certain lengths of transmission line instead of
lumped components is more practical. Due to the dis-
tributed circuit capacitance of transmission lines, in
general it is found that the slope factors of circuits em-
ploying transmission lines are larger than those of com-
parable circuits employing lumped components. As a
rule, the amplifier circuit should resemble the corre-
sponding optimum lumped component circuit as closely
as possible.

VIII. L-BAND AMPLIFIER

An L-band amplifier at a center signal frequency of
1.3 kMc was built, using the amplifier configuration of
Fig. 9(b).

As shown in Fig. 10 the two conductors holding the
diode overlap to form a nearly lumped capacitance C,.
The resulting idler frequency is equal to the parallel reso-
nance frequency of the holder including the diode, whose
specifications were approximately

C(] = 0.7 pf
Ly = 0.8 nh
Q1 = 30

The obtained idler frequency was approximately 10
kMc at C, =~ Co. According to (31) and Fig. 8 this idler
frequency is close to the optimum idler frequency for
maximum bandwidth at a nominal self-resonant fre-
quency of the diode of 6.7 kMc.

A simplified sketch of the amplifier is given in Fig. 11,
The signal circuit consists of the described diode holder
in series with a coaxial line shorted at its end. The part
of the line below the diode holder is a quarter wave-
length long at the idler frequency and forms an idler
rejection filter. The lower part of the signal cavity is
sharply resonant at the pump frequency of 11.3 kMc.
Pump power is fed to the diode through a reduced
height X-band waveguide, a coaxial to waveguide

Fig. 10—Diode holder containing diode D.
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Fig. 11—L-band amplifier.
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transition, and a short low-impedance coaxial line
which prevents high-frequency components from leak-
ing into the waveguide. A small lumped capacitance at
the end of the signal cavity has a similar role. The signal
broad-banding filter consists of two open stubs paral-
leling the input of the single-tuned amplifier. The length
of one stub is somewhat shorter and the length of the
other stub somewhat longer than a quarter wavelength
at the center signal frequency. At moderate gain this
filter, in conjunction with the input impedance trans-
former, provides a triple-tuned frequency response. The
optimum impedance and length of the stubs was deter-
mined mainly by experiment.

According to (27) and (31) for the lumped element
prototype at C,=Cy, di=d;=2. Because of the dis-
tributed circuit capacitances a better estimate for the
actual circuit is dy=d;=2.5. Then from (13) Qx=3.6
(assuming v =0.5), and according to (36) ¢=1.45. This
value of ¢ according to Fig. 6 is close to the optimum
value of ¢ for maximum bandwidth at moderate gain.
From (40) it follows that the diode losses influence the
bandwidth negligibly and that no significant improve-
ment in bandwidth can be obtained by using a higher
diode (; and an external idler load resistance. Some cal-
culated bandwidths obtained from Figs. 4 and 5 are
given in Table 1.

According to (42), the expected effective noise tem-
perature of the amplifier is T4 =0.147p.

TABLE I

CALCULATED AND MEASURED BANDWIDTHS OF
L-BAND AMPLIFIER

- Single-tuned; Broad-banded;
3-db bandwidth Flat Bandwidth
Gain
Calculated Measured Caﬁlﬁrll?g ed Measured
7 db 15 percent| 15 percent| 44 percent | 23  per cent
13 6.1 5.7 30 4
20 2.6 2.3 21 8.5

IX. EXPERIMENTAL RESULTS

In Fig. 12, pictures of some measured pass bands of
the broad-band amplifier, obtained by using a square
law detector, are given at various gains. In Table I the
measured bandwidths are tabulated, together with the
measured 3-db single-tuned bandwidths obtained by
leaving away the broad-banding filters of the amplifier.
At each gain the signal input transformer (Fig. 11) was
readjusted so that the pumping conditions of the diode
were about the same. Without transformation the gain
of the amplifier was about 6 db.

Much care was used to make the pass band as flat
as possible. The obtained ripples were generally below
0.3 db peak-to-peak. Apart from careful tuning this re-
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Fig, 12—Measured pass bands of the amplifier at a center frequency
of 1300 Mc anda gain g. A gain of 1 db is indicated by the arrows
in the pictures, Markers indicate the frequency difference Af.
(a) g=7db, Af=300 Mc. (b) g=13 db, Af=180 Mec. (c) g=20db,
Af=110 Mec.

quired the use of a certain optimum electrical line length
between amplifier and circulator. The VSWR of the em-
ployed circulator was less than 1.15 in a 25 per cent fre-
quency band. Also, care was necessary to avoid spuri-
ous resonances of the circuit at unwanted frequencies
which are converted by the pump frequency or its
harmonics to the signal frequency, and which manifest
themselves as small peaks or dips in the pass band
which, for example, depend on the setting of an external
pump tuner. For stability these resonances should, of
course, also be avoided. Isolation of the amplifier cavity
from pump and signal circuit by capacitive discontinui-
ties, as described in Section VIII, prevented these
resonances effectively. The required pump power of the
amplifier was less than 50 mw.

As shown in Table I, the measured single-tuned band-
widths compare favorably with the expected band-
widths. The obtained flat bandwidths are about 40 to
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50 per cent of the theoretically limiting flat bandwidths.
The bandwidth could have been widened by using a
more complicated filter, but because of the small obtain-
able improvement and the increasing complexity, this
was not attempted. Probably the bandwidth was also
somewhat limited by the output impedance of the cir-
culator. '

A disadvantage of a broad-band parametric amplifier
is the sensitivity of the gain at off-center frequencies for
pump power changes. Since the circuit is highly com-
pensated, the pass band changes considerably if the
amplifier becomes detuned by a change of the mean
capacitance of the diode caused by a change of pump
power. It is advisable not to run the amplifier at a high
gain.

The measured effective input noise temperature of the
amplifier is about 70°K at room temperature. An earlier
version of the amplifier working at the temperature of
liquid nitrogen and employing a GaAs diode has shown
a minimum noise temperature of 29°K. Due to circuit
losses these noise temperatures are somewhat higher
than expected.

X. CoONCLUSIONS

The single-tuned and limiting flat bandwidth of a
nondegenerate diode parametric amplifier of the reflec-
tion type having broad-banding resonators in the signal
circuit and a single-tuned idler circuit has been calcu-
lated. The limiting flat bandwidth is about 75 per cent
of that of an amplifier having broad-banding resonators
in both signal and idler circuit. The difference usually
does not justify the use of external broad-band filters in
the idler circuit.
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The bandwidth limitation of some practical lumped
element amplifier circuits has been calculated. It has
been shown that the optimum idler circuit consists of a
capacitance in parallel with the diode, and that the
optimum idler frequency is approximately +/3 times the
self-resonance {requency of the diode, assuming that the
losses of the diode are small.

A simple triple-tuned L-band amplifier at a signal
frequency of 1.3 kMc and an idler frequency of 10 kMc
has been described. A nearly flat bandwidth of 23 per
cent at 7 db gain, and an effective input noise tempera-
ture of 70°K at room temperature and of 29°K at the
temperature of liquid nitrogen (77°K) has been ob-
tained. This makes the amplifier suitable as a low-noise,
wide-band amplifier for some applications, for example,
in radio astronomy.

By reducing the capacitance and parasitic lead in-
ductance of the diode, e.g., by incorporating the idler
tuning capacitance in the diode package itself, it should
be possible to realize the same design at appreciably
higher signal and idler frequencies.

A problem remaining to be solved is the calculation
of the bandwidth for a finite filter network in the signal
circuit and the design of that filter network.
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